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TEMPEP_A_]IRE TO i00,000 ° K

By Burr M. Rosenbaum and Leo Levitt

SUMMARY

Expressions for the composition, specific vol_Lme; enthalpy, and

entropy of hydrogen gas have been derived_ and equilibrium values of

these quantities have been L,abulated for temperat<.res ranging from room

temperature (500 ° K) to 100,000 ° K and for pressures from !0 -S -to 102

atmospheres. A new method of calculating the internal partition func-

tion of diatomic hydrogen by using a Morse poten-bJal to approximate the

forces between -the two nuclei results in a series that converges much

more rapidly at a given temperature than the summing over the vibration-

rotation energy levels usua]_ly employed.

INTRODUCTION

The determination of the thrust obtained im high-temperature rock-

ets requires a knowledge of the thermodynamic properties of -the working

fluid at the temperatures involved. These temperatures might conceiv-

ably range up to, or even above, i00,000 ° K.

Because of the simplicity of the structure of _he hydrogen atom

and molecule, -the properties of hydrogen may be calculated fairly accu-

rately in the very high temperature region where no experimental data
are available. The National Bureau of Standards (ref. i) has tabu].ated

values up to S000 ° K; S_nger-Bredt (ref. 2) presents charts for temper-

atures up-to i0,000 ° K; and Altman (ref. S) has completed calculations

up to 20_000 ° K. However_ tabulated values such as those given in ref-
erence i are not available for temperatures above SO00 ° K. Table i of

this report offers such values for temperatures ranging from room tem-

perature to i00,000 ° K and for pressures from i0-S to i02 atmospheres.

The properties listed include composition, specific volume, entha].py,

and entropy. Sufficient entries have been made to allow interpolation

for temperatures and pressures not explicitly tabulated.
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The calculation of the internal partition function of the diatonic
hydrogen molecule normally involves a summingover a large numberof
the vibration-rotation energy levels that characterize the interaction
between the two nuclei. The numberof levels that must be considered
increases rapidly wi_h the temperature, and the convergence of the sum
above 4000o K is extremely slow. A newmethod of treating this problem
is given in appendix A, wherein the forces between the nuclei are ap-
pro_imated by a Morse potential. The application of old quantum-theory
methods resul0s in a series for the internal partition function that
converges muchmore rapidly 4hamthe aforementioned stu._mation.

ANALYSIS

In determining _he equilibrium properties of hydrogen at high tem-
perature, two almost independent processes must be considered: (i)
dissociation of the hydrogen molecule into its two atomic components,
and (2) electronic excitation and ionization of the free atoms. From
room temperature to about 1500° K, hydrogen is a diatomic gas where the
molecule is essentially in its lowest vibrational state. Above iSO0° K;
_he excited vibrational states start to fill up, and the vibrational
ampliLude and average distance of separation of the two nuclei in _he
molecule increase rapidly with temperature. In addition, the proba-
bility of finding a free or nascent hydrogen atom also increases until,
at i0,000 ° K, the dissociation process is complete and the gas_ in the
main, e_ists as uncoupled hydrogen atoms. Above i0,000 ° K, the second
process comesinto play; and, at 90,000° K and a pressure of i00 atmos-
pheres, the gas is 99 percent ionized and can be treated as a plasma of
free electrons and protons.

It should be noted that throughout this report the amountof any
singly ionized diatomic hydrogen or molecular hydrogen with excited
electronic states is considered as negligible because the energy needed
_o excite the electrons is larger than that necessary for dissociation.

Consider the system as composedof a total of M hydrogen nuclei
and M electrons at a given volume V and temperature T. The disso-
ciation process is represented by the reaction

and the ionization process by

p+ + e- (£)

Let _ be the fraction of hydrogen nuclei (or electrons) that are

_M

present as hydrogen molecules, so that N 2 = _- is the number of

!
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hydrogen molecules. Let i_ be the fraction of hydrogen nuclei that

are free, that is_ exist as protons. Then Np = _M is the number of

protons. The number of free electrons is also given by N e = _M. The

remaining nuclei and electrons are presen_ as hydrogen atoms, which

number NH = (i - _ - _)M. The to_al number of separate particles in

the system is equal to

If the gas is ideal in the sense that no in-_eraction between the

particles of the gas need be considered, -the partition function of the

system can be written as

N 2 NH Np Ne

N2 '. NH '. Np _ Ne

C3)

where z2, ZH, Zp, and ze are the respective _rtition functions for

an individual hydrogen molecule, a hydrogen atom, a proton, and an

electron.

If the multiplicity associated with the nuclear spins is neglected

and it is assumed -that only normal hydrogen is involved, that is, the

ortho- to parahydrogen ratio is 3 to i, the partLtion function z2 may

be written as

v (2 m2XT)3/2
Z2--- _

(4)

where k is the Boltzmann gas constant, h is Planck's constant, m 2

is the mass of a hydrogen molecule, and Zvr , the internal partition

function for -the molecule, is the contribution of the vibrational and

rotational degrees of freelom. Here the zero level of energy is taken

as -that of the hydrogen molecule in its ground state.

Under -the same assumptions, the partition function zH is

v (2, mzkT)3/2 e-d2xT 7o
ZH=y

(s)

where mH is the mass of a hydrogen atom, q is the energy of dissoci-

ation of a hydrogen molecule at 0° K, and Zo, the internal partition

function, is the contribution of the orbital electronic motion.



The partition function zp is given by

V (2_mpkT)3/2 e-W'2kT
Zp - h3

(s)

where mp is the mass of a proton, and the partition function ze is

given by

where m e is the electronic im_ss and I is the energy needed to ionize

a hydrogen atom in its ground state. Note that in equations (6) and

(7) it is assumed for convenience that the electron possesses all the

ionization energy and the proton all the dissociation energy.

The internal partition function Zvr for the hydrogen molecule is

considered in appendix A and may be approximated by the following ex-

pression (see appendix A):

Zvr = 0.25 + 5.436xi0 -3 T Z e -Ev/kT

v

Z (6 • 313xi03
+ 14'IXI0-3T e3"202xlO3/T (2roaA2n + B2n)(O'018118×lO-3 T)n In T

n=2

+ 0.8306XZ0-3T e 3.202Xt03/T (2roaC2n + DZn)(0.018118XIO -5 T) &n_ T- ,

i (8)

where Ev is the energy of the lowest lying level corresponding to a

vibrational quantum number of v (table II), (2roaA2n + BRn) and

(2roaC2n + D2n) are constants (tables III and IV), and

YIn(X,y ) = tne -_ d_
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The internal partition function zo of the hydrogen atom is a

function of both pressure and temperature and _my be appro::imated by

(see appendix B):

I2 SC 0.5959zo = e-c/T eC/T+sec/'_s- 10.0S ---T + ./U

( C ) 1 Cbl/6 ]+ 1.G::s _- o. Tssz _ - 1.17_._-
(S)

where

C = i5.77Xi0 _ °K

P
atm

b = _.555X10 -_
T

and where Patm is the prsssure in atmospheres.

The partition function for the system as gi_Ten by equation (S) can

be written in %erms of m and _. Actually_ i_ is more convenient to

employ the natura] logarib:n_ of the partition fu:_ction:

(lo)

where Stirling's approximation 6o the factorial has been used.

The equation of equilibrium with respect _o reaction (i) is ob-

tained by setting the partial derivative of in Z with respect to

equal to zero:

[ [ ]M (i - - co) exp 2(1 - _ - _) ck_ T,V,!8
2

(Zl)

Similarly, the equation of equilibrium with respect to reaction (2) is

obtained by setting the partial derivative of in Z with respect to B

equal to zero:

[ <_H ,} :kn zo (12)



The equagion of state for 0he system is given by

_\ MkT [
+l-_- Pv , (is)

_V
i + @ - _ T,_,,

where A = -kT in Z is the HeLmholtz free energy. The second term in

the brackets of the right side of equation (16) represents the de-

viation from the perfect gas law due to the nonzero volume associated

with the hydrogen atom. As can be seen from equations (ii) and (12),

this effect also influences the form of the equations of equilibrium.

Substituting the expressions for z2, ZH, Zp, and ze as given by

equations (%), (S), (6), and (7)_ respectively, into equations (ii) and

(12) and neglecting -terms that are second order in the corrections due

to _he nonzero volume of the hydrogen atoms yield

(_mH)S/2(kT)S/2z2 ° e-q/kT

hSzvr P

zSoT5/2 e-Sl. 99XlOS/T
= 0.915×10 -2

zvrPatm
(1%)

I

and

K2 =
_2

2(2_me)S/2(m_/mH)S/2(kT)5/2 e-I/kT

hSzo P

TS/2 -157.7XlOS/T
= 6.571><10_ 7 e

zoPatm
(is)
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where K I and K 2 are the equilibrium constants based on mole frac-

tions for the dissociation and ionization reactions, respectively.

For given T and P_ equations (14) and (IS) may be solved simul-

taneously for _ and @. Then, equation (IS) is employed to find the

value of (V/M)_ thus defining the equilibrium state of the system com-

pletely. The entropy S and enthalpy H of the system result from

the application of the thermodynmnic relations

M M T ,_ _

k in Z kT $ in Z

H + 7 --Zg--

cg

z + - 7 +
: k n hS + in 1 @ - or. P %-(1 + _- _)

_ _ + _I + sT $ in Zvr _ in zo
_kT kT _ bT + (l -_ - _)T bT

in Zo]
- (l -_ - _)P _p (16)

and

H A+ TS+ PV

E
2kT K_

sT 6 in Zvr
+

2 _T

in zo _ in Zo.I
+ (l-_- _)T _T - (1-_- _)P _p ] ( 17 )

The values resulting from the calculations are given in table I.

Over the major portion of the range of pressures (from i0 -S to i0 -I

atm)_ the dissociation process is complete before the ionization process

starts. At higher pressures, overlapping of the two processes occurs_

as shown by figure i. Where no overlapping occurs., either _ or



r_aybe considered _o be zero. Also, at the low temperatures and higher
pressures, zo maybe taken to have bhe value 2, 8hus simplifying the
calculations still further.

_@_ere@ can be considered-to be zero, the fraction of molecules
dissociated is given by

x = 1 - cc

i

and, where _ can be considered i_obe zero, the fraction of atoms
ionized is given by

i

+ K2

CONCLUDINGREMAAKKS

Hydrogen gas at equilibrium consists of a collection of diatonic
hydrogen molecules, hydrogen atoms, free protons, and free electrons,
bhe relative percentage of each being determined by -the particular
values of the pressure and temperature. Table I presents equilibrium
values of these percentages for hych_ogen(75_0or%ho- 2S_opara) for
bemperaburesfrom SO0° to i00,000° K and for pressures from I0 -O to
i0_ atmospheres. In addition, for these pressure and temperature
ranges, -the values of specific volume, enthalpy, and entropy are given.

The internal partition function Zvr of the diatonic hydrogen
molecule is obbained by approximating the forces between the two nuclei
by a Morse poSential and then applying old quantum-theory considerations
bo the treatment of the high-energy vibration-rotation levels. Thus,
L.heincerdependence of vibrational and rotational motions of the nuclei
is -taken into account, and the resulting expression is a series that
converges more rapidly, the lower -the temperature.

Convergenceof the internal partition function zo of the hydro-
gen a_omis obtained as in reference 5 by essentially cutting off the
series when the average volume associated with the electronic orbit
exceeds _he average volume per particle within the gas, and a closed-
form expression for zo that depends on both pressure and temperature
is obtained.

Lewis Research Cen_er
National Aeronautics and SpaceAdministration

Cleveland, Ohio, November8, 1961
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APPROXIMATION TO THE INTERNAL PARTITION FUNCTION

OF A HYDROGEN MOLECULE

The internal partition function for a hydrogen molecule in normal

hydrogen (75_ ortho - 2S_ para) is denoted by Zvr and may be expressed

in terms of the individual partition functions corresponding to ortho-

and parahydrogen:

3 ( )or_ho+!( )paraZvr = _ Zvr _ Zvr
(AI)

where (Zvr)orbho is antisymmetric with respect to interchange of the

hydrogen nuclei, whereas (Zvr)par a is symmetric under this interchange.

At low temperatures, the rotational and vibrational contributions

to the partition function may be considered independently. In this

case, the possible rotational energy levels are given by

h 2
= _ j(j + i),

({ro<)j 3_2z
j --0,1,2, (i2)

where i is the moment of inertia of the molesule aboub its center of

mass. The multiplicity of each level is (2j + i), and the states cor-

responding to even values of j are symmetric with respect to nuclei

interchange while those corresponding to odd w_lues are antisymmetric.

Also, at these low temperatures, -the oscillatory motion of the nuclei

is small so that, to a good approximation, the potential between the

two nuclei can be considered to be a harmonic one. The vibrational

energy levels, then, are-those of a harmonic oscillator with unit mul-

tiplicity and energy val,les:

( l)(_vib)v : hw v + _ , v = 0,1,2, (AS)

where w is the characteristic frequency of the vibration. Here, even

v-states are symmetric and odd v-states are anbisymmetric, and -the low-

est energy level has the zero-point energy of hw/2. For the hydrogen

molecule, the energy separation of -the vibrational levels is about SO

times larger than that of the rotational levels.
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Whenthe vibrational and rotational effects can be considered in-
dependently, _heymay be written:

(Zvr)orth o : (Zv)s(Zr) a + (Zv)a(Zr) s

(Zvr)para = (Zv)s(Zr) s + (Zv)a(Zr) a

where the subscripts "s" and "a" denote symmetric and antisymmetric

states, respectively. Thus

(Zr) s = _ (2j + I) e -(¢r°t)j/kT,

j=0,2,¢, . •

(Zr) a = _ (2j + i) e-(_r°t)J/kT

j=i,3,5, . • •

t_
!

oo

(ZV)s = _"_j e-(Cvib)v/kT (ZV)a _"_ -( _vib)v/kT, = e

v=0,2,4_ . . . v=1,3,5, . . .

and equation (AI) becomes

Zvr=(Zv)a (Zr)s+7(zr) +(ZV)s 3 (Zr)a+71 (Zr) (A4)

As the temperature under consideration increases to room tempera-

ture and above, the higher rotational levels start to fill up and the

distinction between (zr)s and (zr)a vanishes. The relations then can
be writben as

(Zr) s _ (Zr) a

= -- _ -(_r°t)j/kT
~ i (2j+ l) e

2

j=0,1,2,

z r
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and

where

_0 _ -(Crot)j/k_zr _ (2j + i) e

T

%

Equation (A4) then becomes

h 2

8_21k

Zw -- _v)a+ (Zv)

ZvZ r

2

dj

(AS)

(A6)

_2% Z e-( 6vib)v/kT

v--O

__ T i
-e_/T (A7)

2Gr i_ e

where

hw (/_)%=-f

and the lowest vibration energy level has been taken as the zero level.

At temperatures above i000 o or 2000 ° K, the amplitude of the vibra-

tional motion is large, and the approximation that the potential corre-

sponds to that of a harmonic oscillator cannot be made with any degree

of accuracy. Also, the interaction between the vibrational and rota-

tional motions must now be taken into account; the vibrational motion

increases the distance of separation between the atoms, thus increasing

the moment of inertia, which in turn decreases the separation of the
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rotational energy levels (eq. (A2))_ while _he centrifugal forces set
up because of -the rotational motion affect the oscillatory motion. The
following calculations are based on the assumption of a Morse potential
between the -twonuclei of the molecule, and-the stretching of the mole-
cule is handled from -the standpoint of -the old quantumtheory.

It is first shown that -the energies of the vibrational levels ob-
tained by experiment agree well with those obtained from calculations
which assume that the interaction between the nuclei can be described
by the Morse potential function. The form of the Morse potential is

_= -L - e +q

where q is the dissociation energy, r is the separation distance, and
L, ro_ and a are constants (see sketch). If the old quantumtheory
is employed,

0

rmin rmax

the number n of vibrational energy levels up to an energy value of

E is given by the expression

!

i ff dp dq
n=_ JJ

m
h

_rmi n

2 /r x
rmin

(AlO)



IS

D-

C_
!

Defining q by the relation

E---L(1- _2) + q, 0 _ _ _ i (All)

it is found that

rmin : ro _ in(la +: q)I

(AI2)

rmax ro in(l - q )
a

Substituting equations (Ag) and (All) into equation (AI0) and letting

-a(r-ro)
= e - i (AIS)

the integral for n becomes

n = ah ___ i + { d_

2_ m_HL

This result is based on the old quantum theory which postulates that

the energy levels form a continuum and averages over the actual discrete

energy levels.

In order to modify equation (AI_) to take account of the fact that

the levels are actually discrete, the situation may be examined when

la(r - ro) I << 1 and the potential } reduces to the harmonic poten-

tial with additive constant equal to [-(L - q)]:

_ La2(r - ro) 2 - (L - q) (AIS)

From equation (AS), the possible vibrational energy values for the mol-

ecule under the influence of this harmonic potential are

+. v = 0,1,2, (AI6)
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where

(AI7)

Inasmuch as the zero energy level is taken as the lowest vibrational
energy state of the molecule, it is necessary that

hv

L-q=_-

Also, when _2 << i, equation (AI4) should reduce to equation (A!6).

When _2 << i, equation (AI4) becomes

n_ _ _2_ 2)

= + L - q)
hv

!
_0

or

E _ nhv - (L - q)

A comparison of the preceding equation with equation (AI6) shows that

the proper correspondence between n and v is

1
n = v + _-, v = 0,1,2, (A18)

Thus, n = i/2 corresponds with the appearance of the first level

(v = 0), n = 5/2 with the second level (v = 1), and so forth. The ap-

propriate vibrational energy levels for the Morse potential result

from inserting equations (All) and (A18) into equation (A14):

2
whose result agrees exactly with the quantum mechanical treatment of

the Morse potential (ref. 4).

Herzberg (ref. 5) has listed the spectroscopically determined

values of the rotational and vibrational energy levels for the hydrogen
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molecule up to the vibrational quantum number v = 14. The values for

the constants affording agreement to 2 percent with the listed data are

q = 7.177XI0 -12 erg

L = 7.619Xi0 -12 erg

a = 1.995XI08 cm -I

(A20)

The value of q may be compared with the generally accepted value of

36,116 cm -I = 7.173Xi0 -12 erg. Table II lists both the experimental

values of the vibrational energy levels and those calculated from equa-
tion (AIg). The agreement between the experimental and calculated

values demonstrates that the Morse potential is suitable for describing
the interaction between the two nuclei.

The Morse potential function is now employed to determine Zvr.

By the old quantum theory, the number M of vibration-rotation states

up to an energy E is

ffffffM =_ dPr dr dp_ dR dp_ d_

where the integration in momentum and position variables in spherical

coordinates is carried out up to the energy E. For the hydrogen mole-

cule,

E Pr + +

mH mHr2 mHr2 sin2@

+¢

and performing the integration over all variables except r gives

M --3- y
r .
mln

(E - ¢)5/'2r2 dr
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Differentiating with respect to the energy yields the density of energy

levels p as a function of the energy E:

dM

P=_

= h54_--_2m_/2 S rmax
(E - _)1/2r2 dr (A21)

rmin

Substituting equations (A9), (All), (AI2), and (AIS) yields

4_2_/2_fL L n J 2 _ _2_ in(l+ _)]2

- at
P = i + _ o ahSa

_2m_/2vzr 2(1 ) 2ro l_] (A22): ['o -

I
['0
I--'

where

and

m+_

The integrations for F

_S__ _2 _ t_ L_2(I + t) d_i+_

and H can be accomplished in series yielding

oo

F = - A2n _ (A25)
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where

2n-3

A2n = 22n-i n n - i)_ P + i

P=0

~ _ (2n' - 2)' [I-n(2 25-) 8]= 22n-------_n_(n - i)_ n - + 0.57
(A24)

and

2n

(A25)

where

B2n =

2n-4 P

Z22n-2 n!(n - 1)_ P + 2 k + l

P=O k=O

22n-i n'.(n - i)_ n2 n - + 1.156 in n -

L + l 15 i. 30

2n - 7

(A26)

The preceding result for p stems from the application of the old

quantum theory, which is based on a continuum of energy levels; and al-

though, at the temperatures in question, the rotation levels _uay be
breated as a continuum, the vibration levels cannot be so considered.

At energies between the first (v = O) and the second (v = i) vibration

level, there exists only one set of rotation levels, all possessing the

vibrational quantum number v = O. At energies between the second and

third vibration levels, two sets of rotation levels exist, the first

being a continuation of -the aforementioned set with v = 0 and the

second possessing the value v = i. These discontinuities that occur

at each discrete vibration Level must be reflected in the relation for

P; and as yet equation (A22), being based on the old quantum theory,

shows no such discontinuities. Equation (A22) must therefore be cor-

rected, and the modification necessary can be seen by referring to

equation (AI4), where it is observed that the factor i - _ - _2

which occurs in the first term of equation (B25) is directly
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proportional to the multiplicity of the vibrational levels. Thus, the
appropriate discontinuities can be incorporated in the expression for
p by making the substitution

i _ __ _2 = ah (v + i)

in equation (A22):

  2 /24z= 4_2 (v + 1) + (-2roaF + H) (A22a)
P h 2 h3a 3

The first term on the right side of expression (A22a) is just the

density of rotational energy levels that would be obtained from the old

quantum theory if the distance between the nuclei of the molecule were

fixed at r = r o and the multiplicity of the vibrational energy levels

were taken into account. Hence_ the remaining terms must yield the

change in the density of levels due to the stretching of the molecule.

It still remains to determine the value of ro that enters in the

expression for p. If the classical relation is employed that the av-

erage of the square of the distance between _he nuclei for a state of

energy E is given by

r-2-(E) =/r2 P_r/fdrPr

where

2

E = P___r+¢,
m H

there is obtained

2r° _V_ _2 G +
r2 = r2o - _T

_a 2

2
J (A27)

!
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where

S _

r-4

!

and

idF

q d_
(A28)

j _--

i in2(l + [) d[_/n2_ _2 z +

idH

q dr_
(A29)

The quantities occurring in equation (A27) may be written in series

form:

oo

n=l

= -2.355 %2_ 1.277 li 4-0.883 rj 6-0.685 rl 8- (A3o)

and

.V_'_ rl 2 J = _ D2n rl2n

n=l

= 1.571 r_2+ 2.650 "q4+2.516 r16+ 2.291 r18+. (A3i)

When E = 0, by equation (All),

_ = I- qL

= 0.0580



2O

and
m

r2 = R2

where R 2 can be considered to be the average of the square of the

distance between the two nuclei at 0° K. The moment of inertia of the

hydrogen molecule at low temperatures is directly proportional to the

value of R2 and determines the spacing between the rotational energy

levels (eq. (A2)). Experimentally it is found that (ref. 6)

= _.717×iO -_I g-cm 2

Substituting this value of R 2 in equation (A27) for

(A32)

E = 0 yields

ro = 0.72S4XI0 -8 cm

r_ = 0.52340<10 -16 cm 2

With this value of ro, equation (A22a) gives the proper high-

energy limiting values. However, at the lowest energy levels, the

equation should reduce to

which it does not. The reason is that only the first term of equation

(A22a) is a corrected one. Consequently, at low energies, that is, up

hv
to an energy value of E = -_-, the following expression for p was

chosen as being more accurate than that given in equation (A22a):

_4_ 2 _H_)p h---_-

h 2 2 _a _a 2 '

!

0.0580 < ,q2 < 0 1144_, 0 < E < hv (A22b)
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For larger values of _2 equation (A22a) applies to a sufficient degree

of accuracy.

The final expression for Zvr can now be written as

_0 _q -E/kTZvr = pe dE

= i + 4_21o kT E e-Ev/kT
4 h 2

V

An2(mHL)S/2e(L-q)/kT Za3h 3 (2roaA2n + B2n) (_)n+lln(_,_)

n=2

Z /kT \n+ i2_mH----_Le(L-q)/kT (2roae2n + D2n)_- ) In(]_,_ ) (ASS)
+ a2h2

n=l

where

x y
In(X,y ) : {ne-_ d_

xP

= n'. -x p--[- e-Y

P=O P=O

O. 1144 L L L - q
- kT ' Z - kT' Y - kT

The experimental values of the vibrational quantum levels are used to

calculate the second term on the right side of equation (A33).

The first term (1/4) in equation (A33) takes accotmt of the fact that
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in the approximation of (Zr/2) by an integral (see eq. (A5)), one-half
the contribution of the first level is being neglected. Substituting
the values of the constants in equation (A33) gives

Zvr = 0.25 + 5.456XI0 -5 T_e-Ev/kT

14"IXIO'ST n=_" o 2n + _n )(0'018118XIO-5 T)nIn k/6"31--SXlO3T , 55.

+ O'_O6x10-_ e_'_O_x1O_/T n=_ (_roaC_n + D2n)(O'O18118x_O-_ T)n_n ,_'_'20?-Xl0_T , _._l_x10_)

(A54)

I

cO

Table ITT lists the values of (2roaA2n + B2n ) for n = 2 to 20, and

table IV lists (2roaC2n + D2n ) for n = I_2,3, and 4. Calculated values

Zvr)
of Zvr are given in table V, and a graph of T dT against T

is presented in figure 2.
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APPENDIXB

!

APPROXIMATION TO THE INTERNAL PARTITION _CNCTION

OF A HYDROGEN ATOM

The quantity in question, Zo, is given by the relation

(B1)

where 6e is the energy of the electronic orbit and the summation is

taken over all possible electronic states.

For a hydrogen atom, the energy is only a function of the principal

quantum number "n" of the orbit:

(%)n

where I is the ionization energy, 21.77Xi0 -12 erg, and n takes on

the values 1,2,3 .... The multiplicity associated with each level

is 2n 2, so that

oo

e_( 6e)n/kT

zo = 2n 2

-C/T E eC/n2T
= e 2n 2

n=l

(B2)

where C = I/k = 15.77XI04 OK.

This simple method of handling the problem results in an apparent

divergence of the expression for zo. Altman (ref. 3) has taken the

dependence on the volume of a state into account by weighting each state

-PVnz/kT
with the factor e (ref. 3), where VnZ is the volume of the

electronic state with principal quantum number n and orbital angular
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momentumquantumnumber _. Becausethe volume is a function of both
n and _ the last equation becomes

n-1

Zo : e-C/TZeC/n2TZz(2Z + i ) e-PVnz/kT
n=l Z=O

(B3)

where 2(2Z + i) is the multiplicity of a state designated by the quan-

tum numbers n and _ and the value of Z ranges from 0 to (n - i).

Altman now assumes that the volume is independent of _ and uses

the simple Bohr theory to give an approximate value for Vn_. Actually,

the effect of considering different volumes for _ may be incorporated

by taking the following expression for Vn_:

- /4 4
VnZ = _ _(rS)nZ : _ _ _nzr3_n_ dT

where _'nZ is the wave function of the electron orbit in hydrogen des-

ignated by the quantum numbers n and Z. Carrying out the indicated

integration over all space gives the relation

4 _n2a_ i

VnZ = 3 24 (n + Z)! _n + _ + 4)! + i8(n + Z + S)!(n - _ - i)

+ SG(n * _ + 2)!(n - Z - l)(n - Z - 2)

+ 16(n + _ + l)[(n - _ - l)(n - _ - 2)(n - Z - S)

- Z - 1)(n - Z - 2)(n - Z - 5)(n - Z - 4_ (B4)+ (n + _)I(n

where ao, the first Bohr radius in hydrogen_ has the value of

0.$29!7XI0 -8 centimeter. This equation shows that the volume of a state

varies as n6 and, hence, the presence of VnZ in the exponent of

equation (B3) cuts off the sum over n very rapidly. For small values

of n, the exponential factor is essentially unity and the sum over _,

which shall be denoted by Ln, adds to (2n 2) as it should.

Writing the volume VnZ in terms of the quantity

i
A=n- Z---

2
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r_

!

yields the relation

4 _ao3n2 In 4 n2Vnz _ = _- + 3.125 + 0.2109 + z_6n 3 + 1.875 n)

- A_(I.Sn2 + O.937.3)- l._n a3 + O.375a_]

1 3 S i
where A takes on the values 2_ 2' 2' ._ n - _. It can be seen

that the main contribution to the summation Ln is given by the terms

corresponding to small values of _. For small values of _ and fairly

large values of n_ the volume VnZ _ may be approximated by the ex-

pression

4 _aoSn611 + 6 Z_ 1.5 A2 y)Vn_= _ n - y + 3.Z2_
(B5)

If Ln is approximated by an integral and the terms involving n 4 in

the expression for Vn_ are changed so that integration can be performed

more conveniently, the result is

n-i

Ln =_ 2(2_ + l)e-PVnZ/kT = 13 Z i 4(n - A)e-PVnA/kT

_--_,_-, .,n-_-

/n A) e-Pv / [- <1 n-2- / ]

m 4(n- nA/kT A2dlk _ 4(n- A)exp bn 6 + 6 _ - 3 dfi
n

32 bn41 e-bn6(l - e-3bn6)

where b = kT 3 _a . Because of the fact that an expression incorrect

to terms of order n 4 is used for VnA , a factor (i - 6bn 4) added to

the preceding relation somewhat reduces the error involved so that

0 )_- - 1 - 6bn 4 (B6)
3 bn 6
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Substitubing equation (A6) into equation (AS) gives

Zo m e-C/T _ 'eC/n2T_'_ 2 i
3 bn 4
--_ e - e (i - 6bn 4) (By)

Now it must be noted that C = IS7,700 ° K and that b is quite

small; in particular, it has the value

b = 4.555X10 -3 Patm

where Patm is the pressure in atmospheres. At temperatures less than

20,000 ° K, the first term of the sum in equation (B7) predominates be-

cause of the factor eC/n2T. The highest pressure considered in this

report is i00 atmospheres and the lowest temperature 300 ° K; therefore,

b has the maximum value of about 10 -5 . With this value of b_ LI is

practically equal to 2 and zo very nearly has the value 2 in the tem-

perature range below 20,000 ° K. At higher temperatures where additional

terms other than the first must be considered, b has a value of 10 -5

or less; and it is necessary to sum up to a value of n _ 6 in order

to get a value for zo. Henc% in arriving at a simpler expression for

the preceding summation, the first term must be left unchanged. The

expression for zo is written in the following form:

Z o

e-C/T[2 eC/T+ 8eC/_T +_eC/n2T2 13 bn 4

n=3
--__ e-bn6(l_ e-3bn61(l_ 6bn4)]

bJ
!

e-CJT eCJ +SeCJ  2ln2T 3 bn 4

n=3

-_ e-C/T[2(eC/T- i- _)+ 8(eC/AT- i- _)

n=_ 0 C ) 2 1 e-bn6( ) ]
+ + i - e-3bn8 (i - 6bn _)

3 bn _
(Bg)
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O_
!

Again, employing integral approximations_ to a very good degree of accu-

racy for values of b _ 10 -4 , it is found that

_e-bn6(l- e-3bn6)-_ _

n=i

Z I -bn6 (i -3bn6) bl/6--_- e - e -_ 0.2954

n=l

Z 1 (1 e -Sbn6 )y e -bn6 - ---- 0.$908 --_ - 0.1250 b

n=l

-3bn6)
e _ 2.420 b 5/6 - 1.500 b

(BlO)

Substituting these results into the expression for zo yields the de-
sired result

I C
Z0 = e-C/T ec/T + 8e C/4T - i0.08 - $ _-+

0.3939

+ .613 _- - 0.7652 _ - 1.174
J

(BII)

This expression is found to be accurate to about I percent or less over

the entire range of this investigation when com_red with the original
expression (B3).

Equation (BII) is the expression on which the calculations of table

I are based and is given in the body of the report. It is instructive

to investigate whether the values of zo change significantly if the

dependence on Z of the volume VnZ is ignored and the simple Bohr

theory of circular electronic orbits is employed. In this case, equa-
tion (B4) becomes

4 _ao3n6 (B4a)Vn_ = _-
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and carrying out the samesteps as before results in the relations

-C/T n_= eC/n2T2n2-bn6
Z 0 = e e

2 _ C
Zo -_ e-C/T eC/T + 8e C/_T 10.08 - 5

O. 5908
+

+ 1.855

(s12 )

A comparison of equations (BII) and (BI2) shows that the simple Bohr

theory results in higher values for Zo, the difference between the two

values approaching 50 percent at high temperatures.

!
DO
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TABLE I - THERMODYNAMIC PROPERTIES OF EQUILIBRIUM HYDROGEN

(a) P = 0.00001 arm

OJ

T,

o K

500.

500.

150.

lOOO.

125U.

I_OU.

1150.

2_00.

2_ ,0 •

2t_O0.

2r50.

3000.

_ZSO.

J)O0.

_OOo.

kb00.

kTS0.

bOO0.

550U.

_0OU.

7000.

(_00.

600U.

GSOO.

9000.

9500.

lOUO0.

II000.

12000.

13000.

IhGOU.

15000.

Io000.

II000.

l_OO8.

1900u.

2OOOU.

22U00.

2_00C.

zOO00.

2_C00.

30000.

_500U.

_LOOO.

_bO00.

_OOOO.

_O00.

O000O.

lOOOO.

80o00.

VOOO0.

luOOOu.

v/M,

cm3/g

0.1222L

0.2036t

0.305_£

O.bO?3L

0._092h

0.6126h

0.7380_

0.1016h

0.16]3E

0.2006E

0.223S£

0.26hlh

0.2851h

0.3055L

0.5250t

0.3_62£

0.3666t

U.SB(IL

O._OlTE

O._503E

0.4979t

0.5596E

0.65_2£

0._096h

0.1052E

0.1254E

O. lkl3E

0.1527£

0.1621E

0.1790£

0.1955E

0.2118£

0.2281t

0.2_kkE

O. 2607E

0.2770E

0.2935_

0.3095E

0.3250E

0.358_E

0.3910£

0.k2_6£

0._562E

0._888L

0.5702t

0.6517E

0.(531h

O.81k6L

O.0961E

0.9775E

O.II40E

0.1303E

O. Ik66E

0.1629E

I0

I0

10

10

IO

IO

I0

II

I1

II

II

II

II

II

11

II

I1

II

II

I1

II

II

II

II

I1

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

13

13

13

13

s/M
,=aLl(g) oK)

0.?_882

0.?i_63h

O. _O04E

O.JIOSL

0.3186£

O. 3265£

O.5k35L

0.59r4h

U. CUT6E

0.6125L

G.6166[

0.6202£

O.6257E

U.6_69L

O.&299E

0.6328E

0.6556h

O._5_6E

0.o_59L

O.o_o2_

0.6831L

O.L220h

O._k31k

O. lOk5t

O. 1098E

O.l121E

0.1132E

0.114k£

O. II03E

O.II61E

G. I169£

O. IIISE

0.1182£

0.1188£

0.1193£

0.1199C

0.120_£

0.121_£

0.1222E

0.1230E

0.1231£

0.12_

0.1259£

0.1272£

0.1284£

O. 129kE

0.1303E

0.1312E

0.1327E

O. 13kOE

0.1352E

0.1362E

02

02

02

02

02

02

02

02

02

02

02

02

G2

02

02

02

02

02

02

02

02

O2

O2

O2

O2

O2

O J,

O3

O3

O3

03,

O3

05

03

03

O_

O_

O3

O3

0.$

O3

O]

O3

O_

03

O3

03

05

O3

O3

0_,

O3

0_,

O3

R/M,
cal/g

G. IOOgE

0.1696E

0.2562£

0._350E

0.SklkE

0.8168E

0.2052£

0._93_£

0.619k£

O.6k59E

O.6601E

0.6728E

0.6852E

0.691_E

0.7099E

0.7224E

O.73bOL

0._483E

0.7628£

0.8010E

O.ST2k£

0.1028E

0.1366£

0.20lkE

0.295_£

0._793E

O.k25_E

0.4k63E

0.k570£

O.k?OO£

O._8OkE

O._90_E

0.5003E

O.5101E

0.5200E

0.5299£

0.539_E

0.5k96E

0.5595£

0.5792E

0.5969E

0.6166E

0.6383E

0.6581E

0.7074E

0.7567E

0.8060£

0.8555E

0.90kGE

0.9539E

O. IO_2E

O.1151E

0.1250E

O.l_kBE

Ok

Ok

04

OK

OK

Ok

OS

05

OS

05

05

05

05

05

05

05

05

05

05

05

O5

06

06

06

Ob

06

06

06

06

U6

06

06

06

06

06

06

06

06

06

06

06

06

06

06

06

06

06

06

06

06

O7

01

OT

07

O. lO00E OI

O.lO00E OI

O. lO00E OI

I.O000E O0

0.9999£ O0

0,9973£ O0

0.9637E O0

0.7530E O0

0.2kOk£-O0

0.3032E-01

O.k236E-02

0.79_kE-03

0.|913£-03

0.5621E-OW

0.5928E-05

O.1585E-Ok

0.5_51E-0_

O.16klE-03

O.kklSE-03

0.1080E-02

0.5101E-02

0.1878E-01

0.5695E-01

0.1_72E-00

0.3251E-00

0.5837E O0

0.8107E O0

0.9279E O0

0.9730E O0

0.9893E O0

0.9979E O0

0.999kE O0

0.9998E O0

0.9999E O0

0.9999E O0

0.9999£ GO

0.9999E O0

I.O000E O0

I.O000E O0

1.O000E O0

I.O000E O0

I.O000E O0

I.O000E O0

I.O000E O0

I.O000E O0

I.O000E O0

1.O000E O0

I.O000E O0

I.OO00E OO

I.O000E O0

I,O000E O0

].O000E O0

I*OOOOE O0

I.O000E O0

I.OOOOE O0
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TABLE I. - Continued. THERMODYNAMIC PROPERTIES OF EQUILIBRIUM HYDROGEN

(b) P = 0.00010 arm

T, v/M, s/M,
oK cm3/g cai/(g)(°K)

300.

500.

150.

1000.

1250.

|bOO.

1150.

2000.

2250.

2500.

2T50.

5000.

3250.

5500.

_750.

_000.

_250.

_500.

_750.

5000.

5500.

6000.

6500.

¢000.

1500.

8000.

_bO0.

9000.

9500.

I0000.

I1000.

12000.

IJO00.

lh000.

I_u00.

10000.

]tO00.

1£000.

19000.

ZO000.

22000.

2_000.

2euoo.

2_000.

5GbOU.

_000.

_0000.

4_000.

_OUOU.

b_000°

oOG0_.

r60o0.

bOuO0.

9000C.

100000.

0.1222£ 09

0.2056£ 09

0.3855E 09

0._0T5£ 09

0.5091£ C9

0.6115E 09

O.T210e 09

0.8800£ 09

0.123_E I0

0.1815£ I0

0.2190E I0

0.2_34_ IO

0.26_5E 10

0.2850£ I0

0.505_E I0

0.3258£ I0

0.3462h I0

0.3666E 10

0.3870b I0

0.407_£ 10

O.Wh88t I0

0._917[ I0

0.5390£ I0

0.59FOZ I0

0.6?70£ IU

0.1962£ 10

U.9702E 10

0.1181£ II

0.1393£ I1

O.lb_4L II

O.17f_L II

u.1950h II

0.2116c II

_.22_0h 11

O.2_WSL II

0.2606c II

0.2769c II

0.2932k II

0.3095£ 11

O.J25Sc II

0.558WL I1

_.3910c II

u.423oc II

b.45_2_ II

_._68_L II

0.57026 II

&._blTL II

0.1331L II

0._146£ II

u.dg61= II

0.977_c II

&.II40L 12

u. 1303_ 12

_.I_66E 12

0.1629_ 12

0.2461E

0.26_6E

0.2777£

D.Z878£

0.2938£

0.3029£

0.5122£

0.40_9£

0.%1J_£

0.56J9_

0._09£

0._782£

0._61_C

O.bO_L

O. JSfS&

C.59b0£

0.592_£

O.b9B2h

0.6050£

_.6156u

0._341£

8.6669C

0. t216£

0.8020£

O.d9_

0.9691£

0.1013£

O.IO_B£

_.I_61£

0.10(0£

0.10 TOE

0.I08_£

U. I091E

&.IGVTE

O. I1USE

0.1100£

0. II15£

U. II22E

0. I151k

0. II_9£

U. IIW6£

0.1153£

_.110a£

0.1181£

_.1195h

0.1203E

0.1213£

_.1221£

0.12_6£

0.12_0k

0.1261h

0.1Z_2£

02

02

O2

O2

O2

O2

02

02

02

02

02

02

02

02

02

O2

02

02

02

02

O2

02

O2

O2

02

02

02

O2

02

03

03

05

05

O_

03

05

O_

03

05

0]

O3

OJ

O3

O]

05

03

0:_

05

05

O5

uJ

O3

01,

05

O]

H/M, _

cal/g

0.1009£ OW

0.1696h Ob

0.2562h 0_

0.5_4_t 04

0.55 I_£ o_

0.683th 04

0.1153£ 05

0.2697E 05

0.51_E Ob

0.626_£ 05

0.6562£ 05

0.671_h 05

0.08492 05

6.6974h 06

0._096E 05

0. I000£ Ol

0. I000£ Ol

0.1000E Ol

1.0000£ 00

1.0000£ 00

0.9991£ O0

0.9885£ O0

0.919_£ O0

0.65350 O0

0.2180[-00

O._O09E-Ol

0._860£-02

0.19036-02

U._617£-03

0.19_9£-05

0.7629£-0_

0.1222h 05

O.?3WTE 05

0.7W13£ 05

O.7603£ 05

0.7892£ 05

0.8287E 05

0.8950£ 05

0.1020£ 06

0.1259£ 06

0.168_£ 06

0.2348£ 06

0.3155£ O6

0.5846E 06

0.k275£ Ob

0._635£ 06

O._TUU£ O6

0.4899E 06

G.5001£ 06

0.51_I£ 06

0.5200£ 06

0.5298h 06

0.5597£ 06

0.5_90£ 06

0.559W£ 06

0.5_92E O0

0.59_9£ 06

0.6106£ 06

0.6303E 06

0.65_0£ 06

0.1075£ 06

0._566£ U6

0.8059_ 06

0.8562£ 06

0.90_E 06

0.955_E 06

0.1052£ O_

O.II_lE O?

O.12_OE O?

0.15k8£ 07

0.1724E-0_

0.5189£-0k

0.1396E-0_

0.3_1_£-05

0.1613£-02

0.5959E-02

0.180_£-01

0._02E-01

0.1081£-00

0.2217£-00

O._011E-O0

0.6186£ 00

0.800_£ O0

0.90TOE O0

0.9801E O0

0.99_8E 00

0.9903£ O0

0.9993£ O0

0.9996£ O0

0.9997E O0

0.9998£ O0

0.9998E O0

0.9999£ 80

0.9999£ 00

0.9999E O0

0.9999£ O0

0.9999£ 00

0.9999£ O0

1.0000£ O0

1.0000£ O0

1.0000E O0

I.O000E O0

l.O000E O0

1.0000£ O0

1.OOUO£ 00

1.OOOOE 00

1,0000E O0

I.O000E O0

I.O000E 00

I

L"O
IJ
-,-,3
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TABLE I. - Ccnt_n_led. THERMODYNAMIC PROPERTIES OF EQUILIBRIUM HYDROGEN

(c) P = 0.00100 arm

OG

T, V/M, S/M, =
oy, om3/_ o_/(_) (°K)

_Og.

300.

/50.

1000.

1250.

150C.

1?50.

2000.

2250.

2,00.

2t5U.

_000.

3250.

ibOu.

_f50.

4000.

_2S0.

_500.

_T50.

5000.

5500.

6000.

6500.

TOO0.

1500.

UOO0.

bbO0.

9000.

9500.

10000.

1100U.

12000.

I]000.

14000.

I_000.

16000.

I?OO0.

I_OO0.

19000.

20000.

22000.

2_b00.

26000.

28000.

_0000.

35000.

_0000.

_5000.

_0OO0.

55000.

60000.

tO000.

_0000.

90000.

I00000.

0.1222E 08

0.2056E Ob

0.3055E 00

0._073E 08

0.5091E 08

U.blIIE 08

O.?I5_E OB

0.835_E O_

O. I02]E 09

0.139_E 09

0.1943£ 09

0.235TE 09

0.2623£ 09

0.28_3E 09

0.3052£ 09

0._251_ 09

0.3_61E 09

0.3665£ 09

0.38/0_ 09

0.W0/3£ 09

O.WW8_£ 09

0._89T£ 09

0.5325£ 09

0.5787E 09

0.6319£ 09

0.698_£ 09

0.181_£ 09

0.910_£ 09

0.1075£ I0

0.127W£ I0

0.1652£ 10

0.1910£ 10

0.2102E 10

0.22_5E I0

0.2_I£ I0

0.2605E I0

0.2769E I0

0.2952E I0

0.3095£ lO

0.3258E I0

0._58_£ 10

0.3910£ 10

0._2_6£ I0

0._562k 10

0._881£ 10

0.5702E IO

0.651_£ I0

0.7331E I0

0.81q6£ 10

0.8960E I0

0.97_5£ I0

0.11_0£ 11

0.150J£ 11

0.1_65E II

0.1629E 11

0._25LE 02

O. _4]OL 02

O._L_O£ 02

0.265]E 02

O.2_Jl_ 02

0./199£ 02

C.2669h 02

0..]90]L 02

0.$259k 02

O.$_T_E 02

G._+682E 02

O.b228L

0.,266k

6.b526[

0.5_59E

O.b_90_

O.b_ 18_

O.b_5_

O.b_TIE

0._521h

O.bS12t

0._,6_2£

U.GT16L

0.58h3£

0.G0_5£

0.6356L

0.6812E

O.l_16t

0._095E

0.91_9_

0.95_5£

0.9158£

0.9856E

0.99_2£

0.9999E

0.1006£

0.1012£

0.1017£

0.1022E

O.lOSIE

O.IO_OE

0. I0_£

0.1055E

0.1002h

0.1017£

O. I090E

O. II02E

0.1112E

0.1122£

O. 1IJOE

0.11_6E

0.1159£

O. II?OE

0.1181£

H/M,

cal/g

O.]O09t

0.169_£

u.2502E

0.528_£

0.6_15E

0.85T6E

0.1_9£

0.2928£

0.5035_

02 0.6216E

02 0.662_£

02 0.6821£

02 0.696_£

02 O.TO9_E

02 0._220£

02 O.T3_b£

02 O.T_O£

02 0.7595E

OZ 0.T855£

02 0.81_8E

02 0.8527£

02 0.9092£

02 0.1002£

02 0.1158£

02 O.I_IbE

02 0.1816£

02 0.23T5£

02 0.3057£

02 0._138£

02 0._6_6E

02 0._850£

02 0._96_£

02 0.509_£

02 0.5196£

O_ 0.5291£

O_ 0.5396E

03 0.5_95£

O_ 0.559_E

O_ 0.5791£

OJ O.59d9E

O_ 0.6186£

O_ 0.65d_£

O_ 0.6580E

05 O.fOT3£

O_ 0.T566£

03 0.8059£

03 0.8552£

O_ 0.90_5E

O_ 0.95_8£

O_ 0.I052£

05 0. I151E

05 0.1250£

05 0.1_8E

0_

04

0_

o_

0_

04

O_

O_

U5

05

05

05

05

05

05

05

05

05

05

05

05

05

05

05

06

06

06

06

06

06

06

06

O6

O6

06

06

06

06

Ob

Ob

06

06

Ob

06

06

06

06

06

06

06

O6

OT

OT

OT

O?

O. IOO0, OI

O. IOOOL OI

O.IOUOE 01

1.0OOOE O0

1.0000£ O0

0.9V9TL 00

0°9965_ O0

0.97_5E O0

O.dOWO£ O0

0.6512£ 00

0.26_J5-00

0.1115£-01

0.1860[-01

0.55_5£-02

0.193_h-02

0._622£-05

0.33#2E-05

0.1603£-0]

O._ISE-O_

O.IOBOE-O$

0.5101£-05

0.18T8E-02

0.570_£-02

0.1_88E-01

O.3_J6E-OI

0.71T2E-OI

O.I_T2E-O0

0.2_16E-00

0.3092£-00

0.56_E O0

0.8_3]£ O0

0.9533£ 00

0.98_8E O0

0.99_2£ O0

0.9973E O0

0.9905£ O0

0.9991E O0

0.9995E 00

0.9995£ O0

0.9996E O0

0.9991E O0

0.999_ O0

0.9998£ O0

0.9998_ O0

0.9998£ O0

0.9999E O0

0.9999£ O0

0.9999£ 00

0.9999E O0

1.O000E O0

l.O000E O0

I.O000E O0

I.O000E O0

1.0000£ O0

1.0000E O0
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TABLE I. - Continued. THERMODYNAMIC PROPERTIES OF EQUILIBRIUM RYDROGEN

(d) P = 0.01000 arm

T, V/M, s/M, H/M, _
OK cm_/g cal/(g)(°K) cal/g

500.

_00.

150.

1000.

1250.

1500.

1150.

2000.

2250.

2000.

2150.

3000.

3250.

_b00.

3750.

4000.

_250.

%500.

4750.

5000.

5500.

_000.

6_00.

7000.

r300.

5000.

5000.

9000.

9_00.

IU000.

I1000.

12000.

13000.

14000.

15000.

10000.

IfOOO.

I[000.

19000.

Z0000.

22000.

2_000.

ZO0U0°

23000.

30000

_UOOU.

k0000.

45000.

_0000.

50000.

OC000.

(0000.

60000.

9000U.

101000.

0.12229 07

0.2036£ 07

0.5055£ 0T

0.4075£ 07

0.50919 01

O.bllO£ 07

0.7136£ 01

0.8212£ 07

0.9505£ 01

0.1145£ 08

0.1483E 06

O.1981E 08

0.2449h Ob

0.2777E 08

0.3026E 08

O.52_bE 08

0°5450£ 08

0.36535 08

0.5868E 08

0.4072£ 08

0.4481E O0

0.48914 00

0.5304£ 08

0.5729£ 00

0.617b£ 08

0.6660E 00

0.7227[ 08

0.7907£ 08

0.8764£ 08

0.9865£ 08

0.1296£ 09

0.1671£ 09

0.19_9E 09

0.2226£ 09

0.2418£ 09

0.2594£ 09

O.ZTbSh 09

0.2928E 09

0.3095_ 09

0.3256£ 09

0.558_£ 09

0.5909L 09

0.423_E 09

0.4561£ 09

0.4882£ 09

0.5702E 09

0.0516E 09

0.7S51£ 09

0.8146[ 09

0._960£ 09

0.9775E 09

0.1140L 10

O.ISOSE IC

0.1466£ 10

0.1629E I0

0.2007£ 02

0.2182a 02

0.2522_ 02

0.2424_ 02

O.2505L 02

0.20t2_ 02

0.26546 02

0.2700£ 02

0.2826£ 02

0.$068£ 02

0.5522g 02

_.4|Z04 02

0.45604 02

0.4704£ 02

0°4849£ 02

0.409rL 02

0.4932h 02

b.4962h 02

0.49900 O2

0.5016[ 02

0.5064£ 02

0.5110[ 02

0.51566 02

0.520r_ 02

0.52rI_ 02

0.5356L 02

0.54tTL 02

0.56_7E 02

0.5865L 02

0.6203£ 02

0.7076L 02

0.7990£ 02

O._Ork 02

0.0842[ 02

0.o9_2L 02

0.90{3L 02

0.9145t 02

0.9264c 62

0.9260c 02

0.95114 02

G.9460_ 02

0.9492L 02

0.9bTlh 02

0.904_h 02

0.9_12h 02

0.9864£ 02

0.9996£ 02

u.lOII£ 05

0.1022E 03

0.1031E 03

0.1040L 05

0.10559 0_

0.10_8C OJ

O.1080L O]

0.10900 05

0.1g©t!E 04

0.1696E O_

0.2562L 04

8.3444£ 0_

0.4346£ 04

0.5275£ 04

0.62626 G_

0.765o_ u_

0.10LOE 05

0.1600£ 05

0.2795C 05

0.4533E 05

0.590_[ 05

0.650b6 05

0.6871£ Gb

0.705_£ _5

0.720J£ 05

0.7_56£ 05

0.7464E 00

0.70o9_ 03

0.78434 05

0.810>c 03

0.8393_ US

0.0740£ 05

0.9202£ 05

0.9867[ Ob

O. lO#6L 06

0.12565 06

0.14_6f 06

0. If67L 06

0.26554 00

0.3735£ 06

0.4455_ 06

0.4822E 06

0.5025L 06

0.5165L 06

0.52o1L 06

0.536/L 06

0.0490_ 06

0.5591[ 06

0.596_t 06

b.61b_t b6

0.63_ b6

U.6560L 06

U. TO 13L 06

O.TSooL Uo

O._Ob9L O0

C. 7045_ 06

_.'#bSdk 06

U. IIJI_ Ot

G.1ZbO_ O_

0.154_ 07

O. IOUOL 01

O. lOUO£ GI

0.1000£ OI

1.O000g O0

1.0000£ O0

0.9999£ O0

0.9939£ O0

0.99t9£ O0

0.9651c O0

0.8750E O0

0.0/60£ O0

0.S/St[-00

0.14900-00

0.51_d£-01

0.10650-01

0._5_4£-02

0,35i_L-_2

0.1600£-02

O.d209E-O_

0.45_0_-0_

0.1613£-05

0.5939£-0_

0.1804E-02

0.4707£-02

0.106_£-01

0.22_£-01

0.4576£-01

0.7851E-01

0.1524E-00

0.2109E-00

0.4453£-00

0.7089£ OC

0.8775E O0

0.9504£ O0

0.9785£ 00

0.9894£ O0

0.9941E 00

0.9964E O0

0.9975£ O0

0.99_1E O0

0.9988E O0

0.9991£ O0

0.999S£ O0

0.9994£ O0

0.9995E 00

0.9996£ O0

0.9997E O0

0.9998£ O0

0.9998E O0

0.9999£ O0

0.9999£ O0

0.9999£ O0

0.9999£ O0

0.9999E O0

l.O000E 00

t_J

I
DO

-4
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TABLE I. - Continued. T]TERMODYNAMIC PROPERTIES OF EQUILIBR!U_ HYDROGEH

(e] P = O.ICO00 arm

O4

T, V/M, S/M, ^ H/M, e

oK o_5/g oal/(_)(uK) o_l/g

300.

)00.

150.

IUO0.

125G.

1500.

1150.

2000.

2250.

2500°

2150.

_000.

5250.

3_00.

5f50.

_O00.

_250.

4500.

_OOQ.

5500.

o000.

5)00.

1000.

(bOO.

_600.

dSO0.

9000.

9500.

10000.

I1000.

12000.

Ib00_.

I_O00.

15000.

I_000.

11000.

18000.

19000.

20000.

22000.

2_000.

26000.

20000.

_O00G.

_000.

_0000.

WSGO0.

_0000.

55000.

60000.

10000.

00000.

90000.

I00000.

0.1222L 06

0.20351 Ub

0.3055£ 06

0._013_ 06

0.5091E 06

0.6110£ 06

0.7150E 06

0.8167E 06

0.9211£ 06

0.1059£ OT

0.12_I£ OT

0.1519E 01

0.1926£ 01

0.2WOWE Ol

0.282W£ 5f

0.51_TE OT

0.3_01£ U(

0.56SrE 07

0.3853£ 01

0.%06_£ OT

O._IIE Ol

0._8_6E gl

0.5298E 01

U.SZll/ 07

0.613]E 01

0.656_£ 07

0.1020£ Or

0._51_L 01

0.8066£ 01

0.8701£ 01

0. I056£ OU

0.1215£ 08

0.1593h 08

0.19_1_ 08

0.2250_ 08

0.2501E 00

0.2110£ 08

0.2891_ 08

0.507J£ 00

0.32_£ 08

0._516E 08

0.3905£ 08

O.q232E 08

0._559E O8

0._885_ U_

0.5100£ 08

0.6515L 08

0.1330E 08

o.61_5e 08

0.8960E O_

0.91T_£ 00

0.11_0£ 09

0.130_£ 09

O. Ihb6E 09

0.1629_ 09

U.]7£![,L 02

O.ibf;E 02

b.2C2_£ 02

0.219Zb 02

6.221_t 02

0.23_L 02

0.2_U_£ 02

0.2_6$E 02

0.2555[ 02

0.26_0_ 02

0.2820£ 02

0.5115£ 02

0.J5221 02

0._93_h 02

0._215£ 02

0._565L 02

0._92E 02

0._528E 02

0._55_£ 02

0.W60_£ 02

0._651£ 02

0._6956 02

0._730£ 02

O.k/_gt 02

0._828£ 02

O.WBBIE 02

0._960k 02

0.505_£ 02

0.5111£ 02

0.5551£ 02

0.6C59t 02

0.0715_ 02

o. r52_ 02

O. _T_oL 02

0. _00_ 02

U.o2b _h 02

0.8_50L 02

b._SVIL 82

0.S_95L 02

O.o_2t 02

b.0662t 02

0._1_0[ 02

_._dOhL 02

O.OVS(,_ 02

C.gUoi_E 02

0.950_L 02

_.9kb2E 02

O.V_Sd[ 02

0.;640_ 02

G.g//l[ 02

U.?God_ 02

G.9992L 02

O.IOOL O_

0.1695_ Ok

0.2502L Oq

O.3kk_i Ch

0._3_6L U4

0.527_E O_

0.62_0E O_

0.7339£ O_

0.6857E O_

0.1159E 05

0.1515£ 05

0.2k65£ 05

0.3_59E 05

0.5125£ 05

0.61_1£ 05

0.6120E 05

O.IO_5E 05

0.7258E 05

O. Tk23E 05

0.1568E 05

O.IB29E 05

0.8001E 05

0.8550E 05

0.8629£ 05

0.894_£ 05

0.9323£ 05

0.9806£ 05

0.10_5£ 06

0.1152E 06

0.1251E 05

0.1625£ 06

0.2255E 06

0.3052E 06

0.38_9h 06

0._49:/£ 06

0._89C_ 06

5.515CE 06

O.5_O_h 06

u.5_4[ 06

0.5563L 06

_.5fl?L 06

C.59dlh 66

_.OIOIL _o

O.05bOL 06

0.6578L Ob

U.7012E 06

0.1505L 06

0.80_8_ OC

0.855_£ 06

0.90_4h 06

O.95J_t 06

U. lO52E 07

0.1151_ _

0.1250_ Ol

0.15_8_ _t

U.IO00L 01

O. lOOCL UI

C. IOOOE 01

0.1000L 01

1.6000£ O0

l.O000E GO

0.9996[ O0

0.9915£ O0

0._853E O0

0.960h£ OG

0.6923E O0

0.7568L O0

0.5_8£ O0

0.5139E-00

0.1512E-00

0.6855E-01

O.Jla5E-OI

0.1566E-01

0.8198E-02

0._552£-02

0.1656£-02

0.o939E-05

0.5f04£-85

0.1_89£-02

0.3_58£-02

0.T190£-02

0.1385£-01

0.2_90E-01

O.&222E-OI

0.6807E-01

0.155k£-00

0.30_5E-00

0.5052£ O0

0.I002£ O0

0._590E O0

0.9161E 00

0.95_7E O0

0.9_39E 00

0.98_8E 00

0.9892E DO

0.99_2£ 00

0.9962£ O0

0.99T2E O0

0.9918£ 00

0.9982£ O0

0.9988£ 00

0.9991E O0

0.9993E O0

0.999_£ O0

0.9995E O0

0.9996E 00

0.999T£ O0

0.9998£ O0

0.9998£ O0

0.9999£ O0
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T_

o K

300.

JOU.

t50.

I000.

1250.

I_OU.

I750.

2000.

2250.

2500.

2150.

$000.

3250.

3500.

]750.

_CO0.

W_50.

_500.

k750.

5000.

5500.

6000.

6_00.

TO00.

7500.

8000.

8500.

9000.

9500.

10000.

I1000.

12000.

15000.

lkO00.

15000.

16000.

frO00.

ISO00.

19000.

20000.

22000°

2_000.

2_000.

2_000.

30000.

35000.

kO000.

kSO00.

bOO00.

55000.

60000.

10000.

80000.

90000.

I00000.

TABLE 2 - Continued. _{ERMOD_AMIC PROPERTIES OF EQUILIBRIUM HYDROGEN

(f) P = i,00000 arm

V/M,

C;:13/'g

0.1222E 05

0.2036E 05

0.3055E 05

O.kGl3k 05

0.5091E 05

0.6110E 05

0.7129k 05

0.8155E 05

0.9IgBE Ob

0. I031£ 06

0.1158E 06

0.1318£ 06

0.1535E Ob

0.1853E 06

0.2219£ 06

0.265_£ 06

0.30TIE 06

0.3_28£ 06

0.3726E 06

0.3986E 06

O.kkk_E 06

O. kSTlE 06

0.5286E 06

0.5697E 06

0.61130 Ub

0.6530E 06

0.695]E 06

0.7388E 06

0.1842E 06

0.8322E 06

0.9kOr_ Ob

0.1016_ OT

0.1252E 07

O. lk_2E 07

O.17bbE 01

0.208_E 07

0.2396E 07

0.2679E 07

0.2926£ 07

O.3]_kE Ol

0.3528t 07

0.38TBE 07

0._215£ Ol

O.kSk/E 07

O_kB76E OT
0.5695£ 07

0.6511E 07

0.7321E OT

O.d1_2E 07

0.8957E 07

0.9772E OT

0.11k06 08

0.130]E 08

O. lkbbE 08

0.1629£ 08

S/M,
cal/(_)(°K)

O.]LL_E 02

0.1_98L 09

0.18K0£ 02

0.1970[ 02

0.2050E 02

O.ZI]T£ 02

0.2116E 02

0.22_I[ 02

0.22_5£ 02

0.23_0E 02

0.2_3_E 02

0.2555E 02

0.2751t 02

0.2969£ 02

0.3255£ 02

0._5J7£ 02

0.3100£ 02

0.]910£ 02

0._00k£ 02

0.k065£ 02

O._l_Ok 02

0._192k 02

0._235E 02

O._2T]t 02

U._313L 02

0._35G£ 02

0.4309L 02

O._k32t 02

0.4_0£ 02

U._536k 02

U.46_2£ 02

U._891L 02

6.blU]h 02

0.5555_ 02

0.5989E 02

0.0_22_ 02

O.of88E 02

0. ?06C_ 02

O.(2kVi 02

0.1517£ 02

0.7656£ 02

0.17_5E 02

0._82_h 02

0._893£ 02

O.bOkT£ 02

O._l[9t 02

0.8295£ 02

O.d_00E 02

O._9kE 02

0.B579£ 02

0.8732£ 02

0._863E 02

o. BgI9E 02

0.9083t 02

H/M,

cal/_

O.lO©_t u_

0.1696E 04

0.2562£ Ok

0.3_kkE 04

0._3kbE O_

0.5269E Ok

0.622_h Ok

0.12q5£ Ok

b.8kOkE O_

0.9913E Ok

0.121k£ 05

0.1567E 05

0.2111E 05

0.292]E 05

0.3957E 05

0.50_9E 05

0.5971E 05

0.6625£ 05

O.rO57E 05

0.755]E 05

g.77q9E 05

0.80kbE 05

0.8Jt2E 05

0.8567E 05

0.8856E 05

0.91kbE 05

0.9k69£ 05

0.98k2£ 05

0.1029£ 06

0.106W£ 06

0°1237E 06

0. lklSE 06

0.1841£ 06

0.23_7E 06

0.2976E 06

0.36k?E 06

0.k251£ 06

O.kT25E 06

0.50_iE 06

0.532_E 06

0.5673E 06

C.5929E 06

0.6152£ 06

0.6362E 06

0.6565E 06

0.7065£ 06

0.7560E 06

0.8055k 06

0.85k8£ 06

0.90_2E 06

0.9535E 06

0.1052E 07

0.1151E 07

0.12k9E 07

0.13k8E 07

0. I0O0£ &l

0.I000_ Ol

U. IOOOL Ol

0.1000_ 01

I.O000E O0

1.0000E O0

0.9999E O0

0°9992E O0

0°9963£ O0

0.9875E O0

0.9658E 00

0.9210E 00

O.@kOkE O0

0.$k73E 00

0._708E-00

0.2259E-00

0.1299E-00

0.7391E-0]

O.k291E-OI

0.1600E-01

0.687kE-02

0.3335E-02

0.1787E-02

0°1035E-02

O.6k65E-O_

O.411kE-OJ

0.283kE-03

0.1086E-02

0.2273E-02

0.k378E-02

0.787&E-02

0.13_6E-01

0.2157E-01

0.k971£-01

0.100]E-00

0.1815E-00

0.2976E-00

0.kk21E-00

0.5937E 00

0.7252E 00

0.8219E 00

0.885]E O0

0.92kTE 00

0.9639E 00

0.9797E O0

0.9869E O0

0.9906E O0

0.9928E O0

0.9955E 00

0.9968E 00

0.9976E O0

0.9981E O0

0.998kE O0

0.9987E O0

0.9991E O0

0.9993E O0

0.999kE O0

0.9995E O0
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TABLE I. - Continued. T_[ERMODYNAMIC PROPERTIES OF EQUILIBRIUM HYDROGEN

Cg) P = i0.00000 atm

T, V/M, H/M, _
OK cm3/g cal/g

300.

500.

750.

I000.

1250.

ISO0,

1/50.

2000.

2250.

2500.

2r50.

5000.

3250.

3500.

3750.

kO00.

4_50.

k500.

4T50.

5000.

5500.

6000.

6500.

1000.

TSO0.

8000.

0500.

9000.

9500.

10000.

11000.

12000.

13000.

|4000.

15000.

16000.

ITO00.

IbO00.

19000.

20000.

22000.

24000.

26000.

28000.

JO000.

36000.

40000.

45000.

50000.

5_OOO.

60000.

10000.

80000.

90000.

100000.

0.1222E Ok

0.2036£ Ok

0.5056£ Ok

0.4015£ OW

0.b091£ Ok

0.61106 04

0.7128E Ok

0.81kSE OW

0.91TSE 04

0.1022E 05

0.1132£ 05

0.1253_ 05

0.1391h 05

0.1559£ 05

0.1169k 05

0.2035£ 05

0.2355E 05

0.2126£ 05

0.5121£ 05

0.3507£ 05

O.klSkh 05

0.5210£

0.5652£

0.6018£

0.6k96£

0.6919£

0. T359£

O.T765h

0.8195£

0.909_E

O. lO09E

0.1121£

0.125J£

0.1413£

0.1605£

0.183k£

0.2095£

0.2379£

0.2669£

0.521rE

0.568TE

0.k095£

O.k_61E

0._820£

S/!':, O
cal/Cg)(K)

0.152_:: 02

O.]_}O]E 02

0.1E_h 02

0._45h 02

0.1825t: 02

0.18901: 02

0.1949£ 02

0.2002_ 02

0.2051L 02

0.2101E 02

0.2155L 02

0.2219_ 02

0.2299£ 02

0.24011: 02

0.2550h 02

0.268TE 02

0.28661L 02

0.$054L 02

0._250E 02

0._5b61: 02

0.5501L 02

05 6._092i! 02

05 O.$Zb9L 02

05 0.38C6E: 02

05 0.5841C 02

05 0.5882[ 02

05 0._919h 02

05 0.3953£ 02

05 0._907_ 02

05 0._022h 02

05 O.klOl_ 02

06 0.419_ 02

06 0.4319l: 02

06 _.44fSL 02

06 0.46641_ 02

06 0.469_: 02

06 O.Slb_i: 02

06 0.5_3_;L 02

06 0.STI3E 02

06 O. b9O_ 02

06 0.6359d 02

06 0.660:L 02

b6 0.6762£ 02

06 0.6_T5£ 02

06 0.6960E 02

0.100_£ O_

0.1696E Ok

0.2562E 04

0.3kkk£ Ok

O.WSWbE Ok

0.5268E Ok

0.6222£ Ok

0.T215£ Ok

0.8267£ Ok

0.9_kTE Ok

0.1081E 05

0.1271C 05

0.1522E 05

0.186T£ 05

0.2335E 05

0.29_3£ 05

0.3681£ 05

0.k502£ 05

0.5318E 05

0.6046£ 05

0.71006 05

6._7_2£ 05

0.8152_ 05

U.04_9_ 05

0._Zo6£ 05

0.903kE 05

6.95_2_ 05

0.9635E 05

0.99WgE 05

0.1029E 06

0.1112E 06

0.122k£ 06

0.1376E 06

O. lS_E 06

0.1861_ 06

0.221/£ 06

0.264_E 06

0.31k©£ 06

0.5654£ 06

0.kl4_£ 06

O.k968h 06

0.5535£ 06

0.5924£ 06

0.6225£ 06

0.6kVSE 06

I].I000£ Ol

0.1000£ Ol

0.1000£ 01

0.1000£ Ol

1.0000E O0

1.0000E O0

1.0000£ O0

0.9997E O0

_.9988£ O0

3.9960£ O0

0.9892£ 00

0.97k9£ O0

0.gk89E O0

i3.9061E O0

0.8kl5£ O0

0.1520£ 00

0.6395£ O0

0.5125E O0

0.3869£-00

0.2777E-00

3.1_22£-00

0.629T£-01

0.5192£-01

g.l?45E-OI

3.1C2k£-01

3.6_95£-02

3.k187E-02

_.2810£-02

3.20_9E-02

O. lk92E-02

0.8546£-03

0.5666E 06

0.6k92£ 06

0.1515e 06

0.8131E 06

0._9k1£ 06

0.976_£ 06

O. llkO£ O_

O.130J[ Ol

0.1_66£ 0_

0.1629£ 01

O.TI_OE 02

0.1267h 02

0.7585£ 02

O.?W90E 02

D. T584E 02

0.7671£ 02

O./B2_L 02

0,7955k 02

0.80TI_ 02

0.01?5£ 02

0.T02_£

0.T558£

0.8039E

0.85_G£

0.9012E

0.952/£

0.I052£

O. llSOE

0.1249E

0.1348£

06

06

06

06

06

06

OT

O?

oT

OT

0.1581E-02

0.2k85E-02

0.4219E-02

0.6815£-02

0.15T3E-01

0.518T£-01

0.5830E-01

0.9825E-01

O.15k6E-O0

0.2288£-00

0.3197E-00

O.k226E-O0

0.5289£ O0

0.6288E 00

0.7837E O0

0.8?k8£ O0

0.9235£ O0

0.9497£ O0

0.9645£ 00

0.9813E O0

0.98796 O0

0.9915E O0

0.9953£ O0

0.99W7£ O0

0.9956£ O0

0.9969E O0

0.9971£ O0

0.9982£ O0

0.9985£ O0
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TABLE ! - Conclr_ded THERMODYNAMIC PROPERTIES OF EQUILIBRIUM HYDROGEN

(h) P = lO0.00000 arm

T, V/M, S/M, H/M, _
oK c_3/g c_Z/(g)(°K) oaZ/g

$00.

bOO.

;50.

I000.

1250.

I50G.

1150.

2000.

2250.

2500.

2150.

3000.

3250.

JSO0.

3750.

4000.

4250.

4500.

4r5o.

5000.

5500.

o00b.

bJOO.

[U00.

Zb00.

5000.

0500.

9000.

9_00.

lO00U.

II00U.

1200C.

15000.

14600.

]_000.

16000.

I;000.

IUO00.

19000.

20000.

2200U.

Z4000.

2C000.

2c 500.

_C00u.

5300_.

4000v.

45004.

_0000.

9,060.

0C000.

16000.

80000.

90000.

loCO0o.

0.1222a 03

0.2056E 05

0.3055E 03

0.4075E 03

0.5091£ O|

0.6110E 03

0.7128E 03

0.8147£ 05

0.9168£ O_

O.1020E 04

0.1124E Ok

0.1232E 04

0.1345E 04

0.1460£ 04

0.1605£ 04

0.1101£ Ok

0.1941h 04

0.2152£ 04

0.2396E 04

0.2675£ 04

0.3323£ 04

0.4025E 04

0.4696E 04

0.5297h Gk

0.5834E 0k

U.6325£ 04

0.1099E 02

0.1274£ 02

0.1414£ 02

0.1515E 02

0.1095E 02

0.1663E 02

0.1722£ 02

0.17tkh 02

G.1822h 02

0ol868h 02

0.1912£ 02

0.1958£ 02

0.2006[ 02

0.2001£ 02

0.2123£ 02

0.2195E 02

0.2277£ 02

0.2_69L 02

0.2472L 02

0.25_2L 02

O.2_V/c 02

0.50086 02

0.5101h 02

G.326tL 02

5. J342£ 02

0.5_90t 02

0. I009£ 04

0.1696E 04

0.2562E O_

0.3_4£ 04

0.4346E 04

0.5260E 04

0.6221E Ok

0.7206E 0_

0.022_E 04

0.9300E 04

O. I04bE 05

0.1177£ 05

0.1350£ 05

0.1515E 05

0.1740£ 05

0.2018£ 05

0.2356£ 05

0.2762£ 05

0.3236E 05

0.J771£ 05

0.4954E 05

0.61u8E 05

O.TOO2E 05

0.77tgL 05

0.8316h 05

O._7_?E 05

O.IO00E Ol

O. lO00E 01

O. IO00E 01

O. IO00E OI

I.O000E O0

1.O000E O0

].0000£ O0

0.9999E O0

0.9996E O0

0.99876 O0

0.976bE O0

0.992]E O0

0.9838E O0

0.97o2E oo

0.9493E O0

0.9193E 00

0.8;86E 00

0.8261E O0

0.7616£ O0

0.686_E O0

0.5166E O0

0.3530E-00

0.2203E-00

0.1420£-00

0.9017h-0]

0.5890£-C1

0.6780k

0.7235E

0.76(1L

0.810J£

G.8966E

0.9846L

0. I07t£

0.1175£

0.1281c

O. IkOOE

0.1552£

0.1683£

0.1853£

0.2043£

0.2495h

U. JOO6_ 05

0.5520_ U5

0.4023L 05

U.448l£ Ob

0.bh88[ o5

0.03_8_ 05

0.7241_ 0b

0.80f8£ 05

U.GgOoL US

0.9729L 05

0.113;E 06

0.1301c 06

0.1404L Ob

_.162(E 06

Ok 0.$_59[

Ok 0.541HL

04 0.3_12c

04 0.554_L

04 0.5605L

0k 6.5604t

05 5.J/JUL

05 OoJ6_gL

05 U.J_SG_

05 O.39d4h

05 0.4094E

05 O.k2]9h

05 0.4_58b

05 0.4510h

05 U.hO42L

0.52©8L

_._494h

O._lgt

C.,689£

0.6160L

O.oSJld

O.b4OSh

O.o_tSE

_.obTiL

C.o758L

0.6912L

O. tO45L

U.TIo2L 02

C.(206L 02

02 0.909IE 05

02 0.9453£ 05

02 0.9_43E 05

02 0.1005£ Ob

02 0. I068E Ob

02 0. I]_86 Ob

02 0.1220E 06

02 0.1520E 06

02 0.1442E 06

02 0.1591£ 06

02 O. IT_2E 06

02 O. I99lh 06

02 0.224BE 06

02 0.254o£ 06

02 0.3242£ 0b

02 _.40_6h 06

02 0.4781£ 06

02 0.5387E 06

02 0.5878£ 06

02 0.6754E 06

02 L./5_£ 06

02 0.7950£ 06

U2 0.8474£ 06

02 0.8985E 06

02 0.9489E 06

02 0. I049£ 01

02 0.1148£ 07

0.1247E O?

C.I$46h 0_

0.3981£-01

0.277;E-0l

0.2002E-0l

O.1483E-O]

0.0727E-02

0.5577E-02

0.3712E-02

0.2564£-02

0.1813£-02

0.127_£-02

0.9281E-0_

0.0590£-0_

0._596E-0_

0.31|_E-03

0.123_E-03

0.7711E-O3

0.1316E-02

0.2134E-02

0.4944E-02

0.1004£-01

0.18_2E-01

0.3119E-01

0.494BE-01

0.7441E-01

O.IOTOE-O0

O.I4TgE-O0

0.1976E-00

0.2557E-00

0._922E-00

0.5208£ O0

0.6449£ O0

0.7425E O0

0.8]28E O0

0.9072£ 00

0.945BE O0

0.9640£ O0

0.97_0£ O0

0.9802£ O0

0.9842E O0

0.9892E 00

0.9921E O0

0.9939E O0

0.9952E O0
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TABLE II. - COMPARISON OF EXPERIMENTALLY

MEASURED VALUES OF VIBRATIONAL ENERGY

LEVELS OF THE HYDROGEN MOLECTU__S

WITH VALUES AS CALCULA_'ED

BY EQUATION (B19)

V

0

i

2

3

i0

ii

12

13

14

Energy, Ev, cm -I

Experimental Equatio (BI9)

(ref. 5)

0

%;161

8,087

11;782

15;250

18_492

21_506

24,288

263831

29_12&

31_150

32_887

34;302

35,35i

35_973

0

4;254

8,241

ii, 962

iS ;417

18, £;05

21,527

24_].83

26,$73

28; 696

:, 30;553

32;144

33j4:60

34_$26

35;318
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TABLEIIl. - VALUESOFCONSTANTS

A2n AND B2n

n A2n B2n 2roaA2n+ B2n

2 0.58905
5 .40906
4 .50066
5 .25548
6 .18871

7 .15709
8 .15574
9 .11587

i0 .10185
ii .090522

12 .079454
15 .073540
14 .067024
15 .061461
16 .056660

17 .052482
18 .048816
19 .045578
20 .042698

0.3927
.5727
.5556
.50555
.4529

.4085

.37004

.55744

.50955

.2855

.26467

.24644

.2504

.2162

.2055

.1921

.1819

.1726

.1642

2.0652
1.754
1.407
1.166

.9887

.8545
.7497
.6664
.5987
.5425

.4902

.4552

.4207

.5907

.5644

.5411

.5205

.5020

.2854

t_J
1

CO
P
-.q

TABLE IV. - VALUES OF CONSTANTS

C2n AND D2n

C2n D2n 2roaC2n + D2n

2.555

1.277

.885

.685

1.571

2.650

2.516

2.291

8.258

6.268

4.997

4.215
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OG

4
T,

OK

300

500

750

I000

1250

1500

1750

2000

2250

2500

2750

3000

5250

5500

5750

40O0

4250

4500

TABLE V. - CALC_ED VALUES OF Zvr

Zvr

2.020

5.215

4.718

6.214

7.802

9.422

ii .125

12.93

14.84

16.88

19.04

21.34

23.78

26.37

29.11

32.00

35.06

58.27

T,

OK

4_750

5,000

5,500

6,000

6_500

7,000

7_500
8_000

8,500

9,000

9,500

i0,000

ii,000

12,000

13,000

14,000

151000

16_000

17,000

Zvr

41.65

45.20

52.81

61.13

70.18

79.96

90.49

101.8

113.8

126.5

140.0

154.2

184.8

217.9

255.6

291.7

331.9

374.1

418.1

T)

OK

18_000

19_000

20,000

22,000

24_000

26,000

28,000

30,000

35,000

40_000

45_000

50,000

55;000

60;000

70,000

80,000

90,000

i00,000

Zvr

463

511

560

661

767

877

990

1106

1406

1716

2035

2359

2688

3021

3694

4375

5061
5751

.9

.2

.0

.4

.3

.0

.1
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